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POSITION DEPENDENT NON-CONTACT
VOLTAGE AND CURRENT MEASUREMENT

BACKGROUND

Technical Field

The present disclosure generally relates to electrical
parameter measurement devices, and more particularly, to
position dependent calibration for electrical parameter mea-
surement devices.

Description of the Related Art

Voltmeters are instruments used for measuring voltage 1n
an electric circuit. Instruments which measure more than one
clectrical characteristic are referred to as multimeters or
digital multimeters (DMMs), and operate to measure a
number of parameters generally needed for service, trouble-
shooting, and maintenance applications. Such parameters
typically include alternating current (AC) voltage and cur-
rent, direct current (DC) voltage and current, and resistance
or continuity. Other parameters, such as power characteris-
tics, frequency, capacitance, and temperature, may also be
measured to meet the requirements of the particular appli-
cation.

With conventional voltmeters or multimeters which mea-
sure¢ AC voltage, 1t 1s necessary to bring at least two
measurement electrodes or probes into galvanic contact with
a conductor, which often requires cutting away part of the
insulation of an insulated electrical wire, or providing a
terminal for measurement 1n advance. Besides requiring an
exposed wire or terminal for galvanic contact, the step of
touching voltmeter probes to stripped wires or terminals can
be relatively dangerous due to the risks of shock or electro-
cution. A “non-contact” voltage measurement device may be
used to detect the presence of alternating current (AC)
voltage without requiring galvanic contact with the circuit.

Further, for some electrical parameter measurement
devices, such as current clamps or split core transformers, a
conductor under test may be free to be positioned at various
physical locations within a front end or probe end of the
measurement device. In certain instances, the variable posi-
tion of the conductor under test may negatively aflect the
measurement of one or more electrical parameters (e.g.,
voltage, current, power) of the conductor under test, thereby
leading to inaccurate measurement results. Thus, 1t would be
advantageous to determine the position of the conductor
under test and/or to compensate for the determined position
when performing measurement of one or more electrical
parameters.

BRIEF SUMMARY

An celectrical parameter measurement device may be
summarized as including: a front end that includes an
opening that 1s sized and dimensioned to receive a conductor
under test; a plurality of conductive sensors positioned
proximate the front end; one or more reference voltage
sources coupled to the plurality of conductive sensors, the
one or more reference voltage sources operative to output a
reference voltage 1n each of the conductive sensors; control
circuitry communicatively coupled to the one or more
reference voltage sources and the plurality of conductive
sensors, wherein the control circuitry, 1 operation: controls
the one or more reference voltage sources to output a
reference voltage 1n each of the conductive sensors; for each
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2

of the conductive sensors, obtains a reference current signal
data point indicative of a reference signal that 1s measured
by the conductive sensor when the respective reference
voltage source outputs the reference voltage 1n the conduc-
tive sensor and the conductor under test 1s positioned 1n the
opening of the front end of the electrical parameter mea-
surement device; and determines a calibration factor to be
applied to an electrical parameter measurement of the con-
ductor under test based at least in part on the reference
current signal data points obtained for each of the plurality
ol conductive sensors.

The control circuitry, 1n operation, may apply the deter-
mined calibration factor to the electrical parameter measure-
ment to generate a calibrated electrical parameter measure-
ment. The electrical parameter measurement may include
one or more of voltage, current, or power. The plurality of
conductive sensors may include two or three conductive
sensors. The electrical parameter measurement device may
include a non-contact voltage measurement device, a current
clamp or a split-core transformer. The control circuitry, 1n
operation, may interpolate between a plurality of previously
determined calibration points using the reference current
signal data points to determine the calibration factor to be
applied to the electrical parameter measurement. The control
circuitry, in operation, may input the reference current signal
data points 1nto a previously determined calibration formula
to determine the calibration factor to be applied to the
clectrical parameter measurement. The plurality of conduc-
tive sensors may be positioned proximate the front end of the
clectrical parameter measurement device such that, for each
set of reference current signal data points obtained for the
plurality of conductive sensors, the control circuitry deter-
mines a single position of the conductor under test. The
control circuitry may determine the calibration factor based
at least 1n part on the determined single position of the
conductor under test. At least two of the plurality of con-
ductive sensors may be coplanar with each other. Each of the
plurality of conductive sensors may have a length dimension
and a width dimension, and the length dimension is larger
than the width dimension. The control circuitry, in operation,
may determine a calibration factor for each of the reference
current signal data points. The control circuitry, 1n operation,
may determine a weighted combination of the calibration
factors for each of reference current signal data points to use
as the calibration factor. The weighted combination may
include at least one of a linear weighted combination or an
exponential weighted combination.

A calibration system operative to calibrate an electrical
parameter measurement device, wherein the -electrical
parameter measurement device, 1n operation, generates ret-
erence current signals 1n a plurality of conductive sensors
and senses the reference current signals 1n a conductor under
test via the plurality of conductive sensors, be summarized
as including: a controllable calibration voltage source opera-
tive to selectively output a voltage 1n a calibration conduc-
tor; a conductor position control system operative to selec-
tively control a position of the calibration conductor relative
to the plurality of conductive sensors of an electrical param-
eter measurement device under calibration; and control
circuitry communicatively coupleable to the controllable
calibration voltage source, the conductor position control
system, and the electrical parameter measurement device,
wherein the control circuitry, 1n operation: obtains a plurality
ol calibration points, wherein to obtain each of the calibra-
tion points, the control circuitry: controls the conductor
position control system to move the calibration conductor to
a new physical position proximate the plurality of conduc-
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tive sensors of the electrical parameter measurement device;
controls the electrical parameter measurement device to

output a reference voltage in each of the conductive sensors;
for each of the conductive sensors, obtains a reference
current signal data point indicative of a reference signal that
1s measured by the conductive sensor; for each of the
conductive sensors, determines a calibration factor based at
least 1n part on the reference current signal data point
obtained for the conductive sensor, a known voltage of the
calibration conductor, and a measured voltage of the cali-
bration conductor received from the electrical parameter
measurement device; logically associates the plurality of
calibration factors with the current position of the calibration
conductor; and determines calibration data based on the
obtained plurality of calibration points; and stores the cali-
bration data on at least one nontransitory processor-readable
storage medium for subsequent use by one or more electrical
parameter measurement devices.

The calibration data may include a lookup table that, in
operation, allows an electrical parameter measurement
device to determine a calibration factor for particular refer-
ence current signal measurements. The calibration data may
include coetlicients for one or more mathematical formulas.

A method of operating a calibration system to calibrate an
clectrical parameter measurement device, wherein the elec-
trical parameter measurement device, 1n operation, gener-
ates reference current signals 1 a plurality of conductive
sensors and senses the reference current signals in a con-
ductor under test via the plurality of conductive sensors, may
be summarized as including: obtaining a plurality of cali-
bration points by, for each calibration point: moving a
calibration conductor to a new physical position proximate
the plurality of conductive sensors of the electrical param-
cter measurement device while the electrical parameter
measurement device outputs a reference voltage 1n each of
the conductive sensors; for each of the conductive sensors of
the electrical parameter measurement device, obtaining a
reference current signal data point indicative of a reference
signal that 1s measured by the conductive sensor; for each of
the conductive sensors, determining a calibration factor
based at least 1n part on the reference current signal data
point obtained for the conductive sensor, a known voltage of
the calibration conductor, and a measured voltage of the
calibration conductor recerved from the electrical parameter
measurement device; logically associating the plurality of
calibration factors with the current position of the calibration
conductor; and determining calibration data based on the
obtained plurality of calibration points; and storing the
calibration data on at least one nontransitory processor-
readable storage medium for subsequent use by one or more
clectrical parameter measurement devices.

Determining calibration data may include generating a
lookup table that, 1n operation, allows the electrical param-
eter measurement device to determine a calibration factor
for particular reference current signal measurements. Deter-
mimng calibration data may include determining coetli-
cients for one or more mathematical formulas.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

In the drawings, identical reference numbers identify
similar elements or acts. The sizes and relative positions of
clements 1n the drawings are not necessarily drawn to scale.

For example, the shapes of various elements and angles are
not necessarily drawn to scale, and some of these elements

may be arbitrarily enlarged and positioned to improve draw-
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4

ing legibility. Further, the particular shapes of the elements
as drawn, are not necessarily mtended to convey any infor-
mation regarding the actual shape of the particular elements,
and may have been solely selected for ease of recognition 1n
the drawings.

FIG. 1A 1s a pictorial diagram of an environment in which
a non-contact voltage measurement device including a ret-
erence signal type voltage sensor may be used by an operator
to measure AC voltage present 1n an msulated wire without
requiring galvanic contact with the wire, according to one
illustrated implementation.

FIG. 1B 1s a top view of the non-contact voltage mea-
surement device of FIG. 1A, showing a coupling capaci-
tance formed between the insulated wire and a conductive
sensor ol the non-contact voltage measurement device, an
insulated conductor current component, and a body capaci-
tance between the non-contact voltage measurement device
and the operator, according to one illustrated implementa-
tion.

FIG. 2 1s a schematic diagram of various internal com-
ponents of a non-contact voltage measurement device,
according to one illustrated implementation.

FIG. 3 1s a block diagram which shows various signal
processing components ol a non-contact voltage measure-
ment device, according to one 1llustrated implementation.

FIG. 4 1s a schematic diagram of a non-contact voltage
measurement device which implements a fast Fourier trans-
tform (FFT), according to one 1illustrated implementation.

FIG. 5 1s a schematic block diagram of a calibration
system for an electrical parameter measurement device, such
as the voltage measurement devices shown 1 FIGS. 1A-4,
according to one illustrated implementation.

FIG. 6 1s schematic diagram of a V-shaped front end of an
clectrical parameter measurement device, showing three
conductive sensors that may be used to determine the
position ol a conductor under test, according to one non-
limiting 1llustrated implementation.

FIG. 7 1s a schematic diagram of a V-shaped front end of
an electrical parameter measurement device, showing two
conductive sensors that may be used to determine the
position of a conductor under test, wherein the positions of
the two conductive sensors allow for accurate position
determination for the conductor under test, according to one
non-limiting illustrated implementation.

FIG. 8 1s a schematic diagram of a V-shaped front end of
an electrical parameter measurement device, showing two
conductive sensors that may be used to determine the
position of a conductor under test, wherein the positions of
the two conductive sensors may cause inaccurate position
determination for the conductor under test, according to one
non-limiting illustrated implementation.

FIG. 9 1s a schematic diagram of a front end of an
clectrical parameter measurement device, showing two con-
ductive sensors that are coplanar with each other and that
may be used to determine the position of a conductor under
test, according to one non-limiting illustrated 1implementa-
tion.

FIG. 10 1s a schematic diagram of a V-shaped front end of
an electrical parameter measurement device that includes
three conductive sensors, showing various possible positions
for a conductor under test, according to one non-limiting
illustrated implementation.

FIG. 11 1s a table that shows position dependent calibra-
tion factors for three conductive sensors at various positions,
according to one non-limiting illustrated implementation.

FIG. 12 15 a table that shows position dependent calibra-
tion factors for a single conductive sensor when a conductor
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under test 1s positioned at various distances from the con-
ductive sensor, according to one non-limiting 1illustrated

implementation.

FI1G. 13 1s a graph that shows a reference current signal of
a conductive sensor and a calibration factor as a function of
distance, according to one non-limiting illustrated i1mple-
mentation.

FIG. 14 1s a graph that shows a linear approximation of
the inverse of a reference current signal and a polynomial
approximation of a calibration factor as a function of dis-
tance, according to one non-limiting 1illustrated 1implemen-
tation.

FIG. 15 1s a graph that shows a calibration factor as a
function of the mverse of a reference current signal detected
by a conductive sensor, according to one non-limiting illus-
trated implementation.

FIG. 16 A 1s a side elevational view of a portion of a front
end of an electrical parameter measurement device, showing
a V-shaped guard that supports two conductive sensors,
according to one non-limiting illustrated implementation.

FIG. 16B 1s a perspective view of the portion of the front
end of the electrical parameter measurement device shown
in FIG. 16A.

FIG. 17 1s a graph that illustrates a schematic represen-
tation of the two dimensional normal distance dependence of
calibration factors for one of the sensors of the front end
shown 1in FIGS. 16 A and 16B, according to one non-limiting
illustrated implementation.

FIG. 18 15 a graph that 1llustrates reference current signals
and calibration factors for the two conductive sensors of the
front end shown in FIGS. 16A and 16B as a function of
normal distance, according to one non-limiting illustrated
implementation.

FIG. 19 1s a schematic diagram that illustrates position
determination for a conductor under test using normal
distances derived from reference current signals, according
to one non-limiting 1llustrated implementation.

FIG. 20 1s a pictorial diagram of a front end of a clamp
meter, showing the position of three conductive sensors that
may be used to determine the position of a conductor under
test and/or to determine one or more calibration factors to be
used to 1mprove measurement accuracy, according to one
non-limiting illustrated implementation.

DETAILED DESCRIPTION

Systems and methods of the present disclosure advanta-
geously provide for calibration of electrical parameter mea-
surement devices, such as contact and non-contact “refer-
ence signal” type measurement devices, clamp meters, and
split core transformers, as well as conductor position deter-
mination for such devices and other devices. Initially, with
reference to FIGS. 1A-4, various examples of reference
signal type measurement devices are discussed. Then, with
respect to FIGS. 5-20, various calibration systems and
associated devices and methods are discussed.

In at least some 1implementations, the calibration systems
and methods disclosed herein may be used to calibrate
non-contact measurement devices in which measurement of
one or more alternating current (AC) electrical parameters 1n
an 1nsulated wire 1s performed without requiring a galvanic
connection between the insulated wire and a test electrode or
probe. The calibration systems and methods may also be
used to calibrate conventional contact type measurement
devices that generate and detect reference signals and which
utilize conductive test leads or probes in galvanic contact
with conductors under test. Non-limiting examples of mea-
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surement devices with which the implementations discussed
herein may be used include digital multimeters, current
clamps and split-core transformers.

In the following description, certain specific details are set
forth 1n order to provide a thorough understanding of various
disclosed implementations. However, one skilled in the
relevant art will recognize that implementations may be
practiced without one or more of these specific details, or
with other methods, components, materials, etc. In other
instances, well-known structures associated with computer
systems, server computers, and/or communications net-
works have not been shown or described 1n detail to avoid
unnecessarily obscuring descriptions of the implementa-
tions.

Unless the context requires otherwise, throughout the
specification and claims that follow, the word “comprising”
1s synonymous with “including,” and 1s inclusive or open-
ended (1.e., does not exclude additional, unrecited elements

or method acts).

Retference throughout this specification to “one 1mple-
mentation” or “an implementation” means that a particular
feature, structure or characteristic described 1n connection
with the implementation 1s mcluded 1n at least one 1mple-
mentation. Thus, the appearances of the phrases “in one
implementation” or “in an implementation” 1n various
places throughout this specification are not necessarily all
referring to the same implementation. Furthermore, the
particular features, structures, or characteristics may be
combined 1n any suitable manner in one or more implemen-
tations.

As used 1n this specification and the appended claims, the
singular forms ““a,” “an,” and “the” include plural referents
unless the context clearly dictates otherwise. It should also
be noted that the term “or” 1s generally employed in 1ts sense
including “and/or”” unless the context clearly dictates other-
wise.

The headings and Abstract of the Disclosure provided
herein are for convenience only and do not interpret the
scope or meaning of the implementations.

Retference Signal Type Non-Contact Voltage Measurement
Devices

The following discussion provides examples of systems
and methods for measuring alternating current (AC) voltage
of an insulated (e.g., insulated wire) or blank uninsulated
conductor (e.g., bus bar) without requiring a galvanic con-
nection between the conductor and a test electrode or probe.
The implementations disclosed in this section may be
referred to herein as “reference signal type voltage sensors™
or systems. Generally, a non-galvanic contact (or “non-
contact”) voltage measurement device 1s provided which
measures an AC voltage signal 1n an msulated conductor
with respect to ground using a capacitive sensor. Such
systems which do not require a galvanic connection are
referred to herein as “non-contact.” As used herein, “elec-
trically coupled™ includes both direct and indirect electrical
coupling unless stated otherwise. Although the discussion
below focuses on non-contact reference signal type mea-
surement devices, 1t should be appreciated that the calibra-
tion systems and methods disclosed herein may additionally
or alternatively be used to calibration contact reference
signal voltage measurement devices (e.g., a digital multim-
cter (DMM) that generates and detects reference signals).
Thus, the discussion below may apply to calibration sub-
systems ol measurement devices which may be used to
determine one or more calibration factors and/or the position
of a conductor under test, as well as measurement subsys-
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tems ol measurement devices that are used to obtain the
measurements of one or more electrical parameters (e.g.,
voltage, current, power).

FIG. 1A 1s a pictorial diagram of an environment 100 in
which a non-contact voltage measurement device 102 that
includes a reference signal type voltage sensor or system
may be used by an operator 104 to measure AC voltage
present in an insulated wire 106 without requiring galvanic
contact between the non-contact voltage measurement
device and the wire 106. FIG. 1B 1s a top plan view of the
non-contact voltage measurement device 102 of FIG. 1A,
showing various electrical characteristics of the non-contact
voltage measurement device during operation. The non-
contact voltage measurement device 102 includes a housing
or body 108 which includes a grip portion or end 110 and a
probe portion or end 112, also referred to herein as a front
end, opposite the grip portion. The housing 108 may also
include a user interface 114 which facilitates user interaction
with the non-contact voltage measurement device 102. The
user interface 114 may include any number of inputs (e.g.,
buttons, dials, switches, touch sensor) and any number of
outputs (e.g., display, LEDs, speakers, buzzers). The non-
contact voltage measurement device 102 may also include
one or more wired and/or wireless communications inter-
taces (e.g., USB, Bluetooth®).

In at least some 1implementations, as shown best 1n FIG.
1B, the probe portion 112 may include a recessed portion
116 defined by first and second extended portions 118 and
120. The recessed portion 116 receives the insulated wire
106 (see FIG. 1A). The msulated wire 106 includes a
conductor 122 and an insulator 124 surrounding the con-
ductor 122. The recessed portion 116 may include a sensor
or electrode 126 which rests proximate the insulator 124 of
the msulated wire 106 when the 1insulated wire 1s positioned
within the recessed portion 116 of the non-contact voltage
measurement device 102. Although not shown for clarity,
the sensor 126 may be disposed inside of the housing 108 to
prevent physical and electrical contact between the sensor
and other objects. Further, although a single sensor 126 1s
depicted 1n this example, 1n other implementations a plural-
ity of spaced apart sensors may be provided, as discussed
below.

As shown 1 FIG. 1A, 1n use the operator 104 may grasp
the grip portion 110 of the housing 108 and place the probe
portion 112 proximate the insulated wire 106 so that the
non-contact voltage measurement device 102 may accu-
rately measure the AC voltage present in the wire with
respect to earth ground (or another reference node).
Although the probe end 112 1s shown as having the recessed
portion 116, in other implementations the probe portion 112
may be configured differently. For example, 1n at least some
implementations the probe portion 112 may include a selec-
tively movable clamp, a hook, a flat or arcuate surface which
includes the sensor, or other type of interface which allows
a sensor of the non-contact voltage measurement device 102
to be positioned proximate the mnsulated wire 106. Examples
ol various probe portions and sensors are discussed below.

The operator’s body acting as a reference to earth/ground
may only be 1n some implementations. Alternatively a direct
connection to earth 128 via a test lead 139 can be used. The
non-contact measurement functionality discussed herein 1s
not limited to applications only measuring against earth. The
outside reference may be capacitively or directly coupled to
any other potential. For example, 11 the outside reference 1s
capacitively coupled to another phase in three phase sys-
tems, the phase-to-phase voltages are measured. In general,
the concepts discussed herein are not limited to reference
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against earth only using a body capacitive coupling con-
nected to a reference voltage and any other reference poten-
tial.

As discussed further below, in at least some 1implemen-
tations, the non-contact voltage measurement device 102
may utilize the body capacitance (Cj) between the operator
104 and ground 128 during the AC voltage measurement.
Although the term ground 1s used for the node 128, the node
1s not necessarily earth/ground but could be connected 1n a
galvanically 1solated manner to any other reference potential
by capacitive coupling.

The particular systems and methods used by the non-
contact voltage measurement device 102 to measure AC
voltage are discussed below with reference to FIGS. 2-4.

FIG. 2 shows a schematic diagram of various internal
components of the non-contact voltage measurement device
102 also shown i FIGS. 1A and 1B. In this example, the
conductive sensor 126 of the non-contact voltage measure-
ment device 102 1s substantially “V-shaped™ and 1s posi-
tioned proximate the insulated wire 106 under test and
capacitively couples with the conductor 122 of the msulated
wire 106, forming a sensor coupling capacitor (C,). The
operator 104 handling the non-contact voltage measurement
device 102 has a body capacitance (Cz) to ground. Also a

direct conductive ground coupling by a wire (e.g., test lead
139) can be used as shown in FIGS. 1A and 1B. Thus, as
shown 1n FIGS. 1B and 2, the AC voltage signal (V) 1n the
wire 122 generates an mnsulated conductor current compo-
nent or “signal current” (I,) over the coupling capacitor
(C,,) and the body capacitance (C), which are connected 1n
series. In some implementations, the body capacitance (Cj)
may also include a galvanically 1solated test lead which
generates a capacitance to ground or any other reference
potential. The AC voltage (V) in the wire 122 to be
measured has a connection to an external ground 128 (e.g.,
neutral). The non-contact voltage measurement device 102
itsell also has a capacitance to ground 128, which consists
primarily of the body capacitance (C;) when the operator
104 (FIG. 1) holds the non-contact voltage measurement
device 1n his hand. Both capacitances C_, and C,, create a
conductive loop and the voltage inside the loop generates the
signal current (I,). The signal current (I,) 1s generated by
the AC voltage signal (V) capacitively coupled to the
conductive sensor 126 and loops back to the external ground
128 through the housing 108 of the non-contact voltage
measurement device and the body capacitor (Cz) to ground
128. The current signal (I,,) 1s dependent on the distance
between the conductive sensor 126 of the non-contact volt-
age measurement device 102 and the isulated wire 106
under test, the particular shape of the conductive sensor 126,
and the size and voltage level (V) in the conductor 122.
To compensate for the distance variance and consequent
coupling capacitor (C,) variance which directly influences
the signal current (I,,), the non-contact voltage measurement
device 102 includes a common mode reference voltage
source 130 which generates an AC reference voltage (V)
which has a reference frequency (i,) different from the
signal voltage frequency (1,).

To reduce or avoid stray currents, at least a portion of the
non-contact voltage measurement device 102 may be sur-
rounded by a conductive internal ground guard or screen 132
which causes most of the current to run through the con-
ductive sensor 126 that forms the coupling capacitor (C,)
with the conductor 122 of the imnsulated wire 106. The
internal ground guard 132 may be formed from any suitable
conductive material (e.g., copper) and may be solid (e.g.,

fo1l) or have one or more openings (e.g., mesh).
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Further, to avoid currents between the imternal ground
guard 132 and the external ground 128, the non-contact
voltage measurement device 102 includes a conductive
reference shield 134. The reference shield 134 may be
formed from any suitable conductive material (e.g., copper)
and may be solid (e.g. sheet metal, sputtered metal 1nside a
plastic enclosure, flexible (e.g., foil), or have one or more
openings (e.g., mesh). The common mode reference voltage
source 130 1s electrically coupled between the reference
shield 134 and the internal ground guard 132, which creates
a common mode voltage or reference signal having the
reference voltage (V) and the reference frequency (1) for
the non-contact voltage measurement device 102. Such AC
reference voltage (V) drives an additional reference current
(I,) through the coupling capacitor (C,) and the body
capacitor (Cj).

The 1nternal ground guard 132 which surrounds at least a
portion of the conductive sensor 126 protects the conductive
sensor against direct influence of the AC reference voltage
(V) causing an unwanted oflset of reference current (1)
between the conductive sensor 126 and the reference shield
134. As noted above, the iternal ground guard 132 is the
internal electronic ground 138 for the non-contact voltage
measurement device 102. In at least some 1implementations,
the internal ground guard 132 also surrounds some or all of
the electronics of the non-contact voltage measurement
device 102 to avoid the AC reference voltage (V) coupling
into the electronics.

As noted above, the reference shield 134 1s utilized to
inject a reference signal onto the input AC voltage signal
(V) and, as a second function, minimizes the guard 132 to
carth ground 128 capacitance. In at least some 1mplemen-
tations, the reference shield 134 surrounds some or all of the
housing 108 of the non-contact voltage measurement device
102. In such implementations, some or all of the electronics
see the reference common mode signal which also generates
the reference current (I1,) between the conductive sensor 126
and the conductor 122 in the msulated wire 106. In at least
some 1mplementations, the only gap 1n the reference shield
134 may be an opening for the conductive sensor 126 which
allows the conductive sensor to be positioned proximate the
insulated wire 106 during operation of the non-contact
voltage measurement device 102.

The mternal ground guard 132 and the reference shield
134 may provide a double layer screen around the housing
108 (see FIGS. 1A and 1B) of the non-contact voltage
measurement device 102. The reference shield 134 may be
disposed on an outside surface of the housing 108 and the
internal ground guard 132 may function as an internal shield
or guard. The conductive sensor 126 1s shielded by the guard
132 against the reference shield 134 such that any reference
current flow 1s generated by the coupling capacitor (C,)
between the conductive sensor 126 and the conductor 122
under test. The guard 132 around the sensor 126 also reduces
stray influences of adjacent wires close to the sensor.

As shown 1n FIG. 2, the non-contact voltage measurement
device 102 may include an mmput amplifier 136 which
operates as an inverting current-to-voltage converter. The
input amplifier 136 has a non-inverting terminal electrically
coupled to the internal ground guard 132 which functions as
the internal ground 138 of the non-contact voltage measure-
ment device 102. An mverting terminal of the input amplifier
136 may be clectrically coupled to the conductive sensor
126. Feedback circuitry 137 (e.g., feedback resistor) may
also be coupled between the mverting terminal and the
output terminal of the mput amplifier 136 to provide feed-
back and appropriate gain for input signal conditioning.

10

15

20

25

30

35

40

45

50

55

60

65

10
The mnput amplifier 136 receives the signal current (I,)
and reference current (I,) from the conductive sensor 126
and converts the received currents into a sensor current
voltage signal indicative of the conductive sensor current at
the output terminal of the input amplifier. The sensor current
voltage signal may be an analog voltage, for example. The
analog voltage may be fed to a signal processing module 140
which, as discussed further below, processes the sensor
current voltage signal to determine the AC voltage (V) 1n
the conductor 122 of the insulated wire 106. The signal
processing module 140 may include any combination of
digital and/or analog circuitry.

The non-contact voltage measurement device 102 may
also 1nclude a user interface 142 (e.g., display) communi-
catively coupled to the signal processing module 140 to
present the determined AC voltage (V ;) or to communicate
by an interface to the operator 104 of the non-contact voltage
measurement device.

FIG. 3 1s a block diagram of a non-contact voltage
measurement device 300 which shows various signal pro-
cessing components of the non-contact voltage measure-
ment device. FIG. 4 1s a more detailled diagram of the
non-contact voltage measurement device 300 of FIG. 3.

The non-contact voltage measurement device 300 may be
similar or 1dentical to the non-contact voltage measurement
device 102 discussed above. Accordingly, similar or 1dent-
cal components are labeled with the same reference numer-
als. As shown, the input amplifier 136 converts the mput

current (I ,+15) from the conductive sensor 126 1nto a sensor
current voltage signal which 1s indicative of the input
current. The sensor current voltage signal 1s converted into
digital form using an analog-to-digital converter (ADC) 302.

The AC voltage (V ;) 1n the wire 122 1s related to the AC

reference voltage (V) by Equation (1):

Vo _loX fr
Ve Iz X Jo

(1)

where (I,) 1s the signal current through the conductive
sensor 126 due to the AC voltage (V ;) in the conductor 122,
(I,) 1s the reference current through the conductive sensor
126 due to the AC reference voltage (V,), (I,) 1s the
frequency of the AC voltage (V) that 1s being measured,
and (1) 1s the frequency of the reference AC voltage (V).

The signals with indices “0,” which are related to the AC
voltage (V ), have different characteristics like frequencies
than the signals with indices “R,” which are related to the
common mode reference voltage source 130. In the imple-
mentation of FIG. 4, digital processing, such as circuitry
implementing a fast Fourier transform (FFT) algorithm 306,
may be used to separate signal magnitudes with different
frequencies. In other implementations, analog electronic
filters may also be used to separate “0” signal characteristics
(e.g., magnitude, frequency) from “R” signal characteristics.

The currents (I,;) and (I,) are dependent on the frequen-
cies (I,,) and (1), respectively, due to the coupling capacitor
(C,). The currents tlowing through the coupling capacitor
(C,,) and the body capacitance (C) are proportional to the
frequency and thus, the frequency (I,) of the AC voltage
(V,) 1n the conductor 122 under test needs either to be
measured to determine the ratio of the reference frequency
(1) to the signal frequency (1), which 1s utilized 1n Equa-
tion (1) listed above or the reference frequency i1s already
known because it 1s generated by the system itsell.
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After the mput current (I ,+1,) has been conditioned by
the mput amplifier 136 and digitized by the ADC 302, the
frequency components of the digital sensor current voltage
signal may be determined by representing the signal 1n the
frequency domain using the FFT 306 (see FIG. 7). When
both of the frequencies (I,) and (1) have been measured,
frequency bins may be determined to calculate the funda-
mental magnitudes of the currents (I,,) and (1) from the FFT
306.

The magnitude of the current (I,) and/or the current (I,,)
may vary as a function of distance between the reference
signal sensor or electrode (e.g., electrode 126) and the
conductor 122 of the insulated wire 106. Thus, the system
may compare the measured current (I,) and/or the current
(I,) to expected respective currents to determine the dis-
tance between the reference signal sensor or electrode and
the conductor 122.

Next, as mdicated by a block 308 of FIG. 3, the ratio of
the fundamental harmonics of the currents (I,) and (I,),
designated I, and I, , respectively may be corrected by
the determined frequencies (1) and (1), and this factor may
be used to calculate the measured original fundamental or
RMS voltage by adding harmonics (V) in the wire 122,
which 1s done by calculating the square root of the squared
harmonics sum, and which may be presented to the user on
a display 312.

The coupling capacitor (C,) may generally have a capaci-
tance value in the range of approximately 0.02 pF to 1 pF,
for example, depending on the distance between the insu-
lated conductor 106 and the conductive sensor 126, as well
as the particular shape and dimensions of the sensor 126.
The body capacitance (C) may have a capacitance value of
approximately 20 pF to 200 pF, for example.

From Equation (1) above, 1t can be seen that the AC
reference voltage (V) generated by the common mode
reference voltage source 130 does not need to be 1n the same
range as the AC voltage (V) 1n the conductor 122 to
achieve similar current magnitudes for the signal current
(I,) and the reference current (I,). The AC reference voltage
(V) may be relatively low (e.g., less than 5 V) by selecting
the reference frequency (i) to be relatively high. As an
example, the reterence frequency (1) may be selected to be
3 kHz, which 1s 50 times higher than a typical 120 VRMS
AC voltage (V) having a signal frequency (I,) of 60 Hz. In
such case, the AC reference voltage (V) may be selected to
beonly 2.4V (1.e., 120 V+50) to generate the same reference
current (1) as the signal current (I,,). In general, setting the
reference frequency (1) to be N times the signal frequency
(f,,) allows the AC reference voltage (V) to have a value
that 1s (1/N) times the AC voltage (V) 1n the wire 122 to
produce currents (I,) and (I,;) that are 1n the same range as
cach other to achieve a similar uncertainty for I, and I.

Any suitable signal generator may be used to generate the
AC reterence voltage (V) having the reference frequency
(1z). In the example 1illustrated 1n FIG. 3, a Sigma-Delta
digital-to-analog converter (X-A DAC) 310 1s used. The Z-A
DAC 310 uses a bit stream to create a wavelorm (e.g.,
sinusoidal waveform) signal with the defined reference
frequency (1) and AC reference voltage (V). In at least
some 1mplementations, the 2-A DAC 310 may generate a
wavelorm that 1s 1n phase with the window of the FFT 306
to reduce jitter. Any other reference voltage generator can be
used, such as a PWM which may use less computing power
than a 2-A DAC.

In at least some implementations, the ADC 302 may have
14 bits of resolution. In operation, the ADC 302 may sample
the output from the iput amplifier 136 at a sampling
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frequency of 10.24 kHz for nominal 50 Hz input signals to
provide 2” samples (1024) in 100 ms (10 Hz bins for the FFT

306) ready for processing by the FFT 306. For 60 Hz 1mnput
signals, the sampling frequency may be 12.288 kHz, for
example, to get the same number of samples per cycle. The
sampling frequency of the ADC 302 may be synchronized to
tull numbers of cycles of the reference frequency (1,). The
input signal frequency may be within a range of 40-70 Hz,
for example. Depending on the measured frequency of the
AC voltage (V ), the bins for the AC voltage (V) may be
determined using the FFT 306 and use a Hanning window
function for further calculations to suppress phase shift jitter
caused by mcomplete signal cycles captured in the aggre-
gation interval.

In one example, the common mode reference voltage
source 130 generates an AC reterence voltage (V) which
has a reference frequency (1) of 2419 Hz. This frequency 1s
in between the 40” harmonic and the 41°" harmonic for 60
Hz signals, and between the 48” harmonic and 49” har-
monic for 50 Hz signals. By providing an AC reference
voltage (V) which has a reference frequency (1) that 1s not
a harmonic of the expected AC voltage (V ;), the AC voltage
(V) 1s less likely to influence measurement of the reference
current (I).

In at least some 1implementations, the reference frequency
(1) of the common mode reference voltage source 130 1s
selected to be a frequency that 1s least likely to be affected
by harmonics of an AC voltage (V) 1n the conductor 122
under test. As an example, the common mode reference
voltage source 130 may be switched off when the reference
current (I,) exceeds a limit, which may indicate that the
conductive sensor 126 1s approaching the conductor 122
under test. A measurement (e.g., 100 ms measurement) may
be taken with the common mode reference voltage source
130 switched off to detect signal harmonics at a number
(e.g., three, five) of candidate reference frequencies. Then,
the magnitude of the signal harmonics in the AC voltage
(V) may be determined at the number of candidate refer-
ence frequencies to identily which candidate reference fre-
quency 1s likely to be least affected by the signal harmonics
of the AC voltage (V). The reference frequency (1) may
then be set to the identified candidate reference frequency.
This switching of the reference frequency may avoid or
reduce the impact of possible reference frequency compo-
nents 1n the signal spectrum, which may increase the mea-
sured reference signal and reduce accuracy, and may create
unstable results. Other frequencies besides 2419 Hz that
have the same characteristics include 2344 Hz and 2679 Hz,
for example.

Calibration Systems and Methods

As discussed above, the reference voltage (V) and the
reference frequency (1) generated by the voltage measure-
ment device are known and may be measured at the output
of the reference voltage source 130 (FIG. 2). The output
voltage (V) 1s defined by Equation (1) above. In an ideal
situation, 1t the reference voltage (V) 1s known, and all
other parameters needed are the ratios 1,/1, and 1,/1,, then
no calibration of the voltage measurement device would be
required. However, 1n practice, there are several influencing
factors, such as the bandwidth of signal processing circuitry,
leakage capacitances, and the particular position of the
conductor under test relative to the measurement device,
which lead to a deviation 1n output voltage measurements
from the actual output voltage 1n a conductor under test. One
factor 1s stray leakage capacitance between the sensor 126
(or sensors) and the environment, which tends to cause an
increase 1n the reference current (I,) and therefore a reduc-
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tion 1n the ratio I,/1,. Also, direct capacitive coupling
between the sensor 126 and the reference shield 134 leads to
an oilset which further increases the reference current (I1,).
Such an increase 1n the reference current (I,) from the 1deal
situation results 1n a calculation of the output voltage (V ;)
that 1s less than the actual output voltage in a conductor
under test. Accordingly, the calibration systems and methods
discussed herein allow for accurate measurement of output
voltage (V) or other parameter 1n a conductor under test
using determined calibration parameters or factors that are
dependent on the coupling capacitance (C,) or, equivalently,
the distance between each of one or more sensors and the
conductor under test. As discussed further below, 1n at least
some 1implementations a plurality of sensors 1s utilized, and
the position of a conductor under test 1s determined by
triangulation of reference currents measured by the plurality
ol sensors.

FIG. 5 shows a schematic block diagram of an example
calibration system 500 that may be used to calibrate an
clectrical parameter measurement device 502 (e.g., DMM,
current clamp, split core transformer). The electrical param-
cter measurement device 502 may be any non-contact or
contact measurement device, such as a measurement device
that generates and senses a reference signal. The calibration
system 500 may include control circuitry 504 which controls
the various functionality of the calibration system. The
calibration system 500 may also include a calibration volt-
age source 306 that 1s operative to selectively output cali-
bration or test voltages to a calibration conductor 508. The
control circuitry 504 may be operatively coupled to the
calibration voltage source 506 to control the operation
thereol. The calibration system 500 may also include a
position control subsystem 310 that i1s operative to selec-
tively mechanically control the position of the calibration
conductor 508 relative to the electrical parameter measure-
ment device 502 during a calibration process. The calibra-
tion conductor 508 may be an 1nsulated conductor for use in
calibrating non-contact electrical parameter measurement
devices, or may be an uninsulated conductor for use 1n
calibrating contact type electrical parameter measurement
devices.

The control circuitry 504 of the calibration system 500
may be operatively coupled to the electrical parameter
measurement device 302 by any suitable wired or wireless
connection. As discussed further below, the control circuitry
504 may be operative to send instructions or data to the
clectrical parameter measurement device 502 or to receive
instructions or data therefrom. The control circuitry 504
controls the position control subsystem 510 to selectively
adjust the position of the calibration conductor 508 within an
opening or recerving portion of a front end or measurement
end of the electrical parameter measurement device such
that the capacitive coupling C , between each of the plurality
of sensors and the calibration conductor 1s varied to modity
the respective reference currents I, for the plurality of
sensors to obtain diflerent calibration points for a plurality of
physical locations of the calibration conductor 508.

Generally, the control circuitry 504 may include at least
one processor communicatively coupled to the calibration
voltage source 506, the position control subsystem 510, and
to at least one nontransitory processor-readable storage
medium that stores at least one of processor-executable
instructions or data. The control circuitry 504 may include
any type of processing unit, such as one or more central
processing units (CPUs), digital signal processors (DSPs),
application-specific integrated circuits (ASICs), field pro-
grammable gate arrays (FPGAs), programmable logic con-
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trollers (PLCs), artificial neural network circuits or systems,
or any other discrete or integrated logic components. The
nontransitory processor-readable storage medium coupled to
the control circuitry 504 may include any type of nontran-
sitory volatile and/or non-volatile memory.

In at least some implementations, the control circuitry 504
may include a communications interface or a user interface.
The user interface may facilitate user interaction with the
calibration system 300. The user interface may include any
number of mputs (e.g., buttons, dials, switches, touch sen-
sor) and any number of outputs (e.g., display, LEDs, speak-
ers, buzzers). For example, the user interface may include
inputs that allow an operator to modily one or more adjust-
able settings of the calibration system 300 or the electrical
parameter measurement device 502. The communications
interface may implement one or more wired and/or wireless
communications technologies (e.g., USB, Wi-Fi®, Blu-
ctooth®) that allow the calibration system 500 to commu-
nicate with the electrical parameter measurement device 502
or with one or more local or remote external processor-based
devices.

In at least some implementations, the output voltage (V ,)
measurements of the electrical parameter measurement
device 502 may be dependent on measured reference current
signals (I,) and/or the actual output voltage 1n the conductor
under test. Thus, 1n at least some implementations, the
calibration systems and methods discussed herein provide
compensation for one or both of such parameters to allow for
accurate measurement of the output voltage (V) at various
voltages and various positions of the conductor under test
relative to the electrical parameter measurement device 502,
which various positions correspond to various combinations
of levels of reference current (1) for the plurality of sensors
(e.g., 2 sensors, 3 sensors) ol the electrical parameter mea-
surement device 502.

Generally, during a calibration process, the control cir-
cuitry 504 controls the calibration voltage source 306 to
output a known calibration voltage (e.g., 100 VAC, 250
VAC, 800 VAC) to the calibration conductor 508 and
controls the position control system 510 to move the cali-
bration conductor to a known position (e.g., X/Y position)
within a front end or measurement portion of the electrical
parameter measurement device 302. The control circuitry
504 then receives data from the electrical parameter mea-
surement device 502 obtained by the electrical parameter
measurement device during measurement of the calibration
voltage 1n the calibration conductor 508. Such data may
include measured reference current signals (1) for a plural-
ity of sensors, determined output voltages (V ), etc. The
clectrical parameter measurement device 502 may obtain
such data 1n the manner discussed above with reference to
FIGS. 1A-4, for example. This process may be repeated a
number of times when the calibration conductor 308 1s
located at different positions, and optionally at different
calibration voltages.

For each of the plurality of positions of the calibration
conductor 308 and for each of one or more calibration
voltages (e.g., 100 VAC, 250 VAC, 800 VAC), the control
circuitry 504 may obtain a plurality of calibration points
associated with the calibration voltage. In at least some
implementations, each of the calibration points includes
reference current signal data points for each of the respective
plurality of sensors of the electrical parameter measurement
device and a calibration factor. A reference current signal
data point 1s a measurement obtained from a sensor of the
clectrical parameter measurement device 502 that 1s 1ndica-
tive of the reference current signal that 1s measured by the
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sensor of the electrical parameter measurement device when
the calibration voltage source 506 outputs the calibration
voltage 1n the calibration conductor 508. The calibration
factor may be a value indicative of a ratio of the known
calibration voltage to a measured uncalibrated output volt-
age (V) data point obtained from a sensor of the electrical
parameter measurement device that 1s determined by the
clectrical parameter measurement device based at least 1n
part on the reference current signal data point (e.g., using
Equation (1) above) for the sensor. For example, 11 the
control circuitry 504 causes the calibration voltage source
506 to output 100 VAC 1n the calibration conductor 508, and
a sensor of the electrical parameter measurement device 502
measures an output voltage of 110 VAC, then the calibration
tactor would be 100/110=0.909. For a particular measure-
ment, the uncalibrated output voltage measured by the
clectrical parameter measurement device 5302 may be mul-
tiplied by the calibration factor to provide the correct output
voltage. Continuing with the example above, the uncali-
brated output voltage of 110 VAC may be multiplied by the
calibration factor of 0.909 to provide the actual output
voltage of 100 VAC 1n the conductor under test.

As discussed further below, after obtaining calibration
points, the control circuitry 504 may determine calibration
data for the electrical parameter measurement device 502
based on the obtained plurality of calibration points. The
calibration data may be dependent on the reference current
signals measured by the plurality of sensors of the electrical
parameter measurement device. In at least some 1implemen-
tations, the calibration data may also be dependent on a
plurality of calibration voltages. The control circuitry 504
may then store the calibration data on at least one nontran-
sitory processor-readable storage medium associated with
the electrical parameter measurement device 502 for use by
the electrical parameter measurement device or other elec-
trical parameter measurement devices (e.g., with the same or
similar physical characteristics) during subsequent operation
thereol. The calibration data may include one or more
lookup tables and/or coetlicients for one or more mathemati-
cal formulas, for example.

FIG. 6 1s schematic diagram of a V-shaped front end 600
of an electrical parameter measurement device, showing
three conductive sensors 604, 606 and 608 disposed on a
guard 602 that may be used to determine the position of a
conductor 610 under test. Also shown are the magnitudes of
reference currents 612, 614, and 616 measured by the
sensors 604, 606, and 608, respectively, wherein each con-
stant magnitude reference current 1s represented as an arcu-
ate dashed line that has a specific distance that 1s indicative
of the constant magnitude of the reference current, which
indicates the possible positions of the conductor 610 under
test determined by of the sensors. As shown, the three
reference currents 612, 614, and 616 intersect at the X/Y
location of the conductor 610 under test. Thus, using trian-
gulation of the reference currents 612, 614, and 616 for the
three sensors 604, 606, and 608, the location of the conduc-
tor 610 under test may be accurately determined.

As discussed further below, the location determination
may be used to select or derive a calibration factor to be
applied to an electrical parameter measurement of the elec-
trical parameter measurement device. For example, a prior
calibration process may be implemented to define a set of
discrete data points, such as a calibration grid, that specity
the calibration factor for any possible position of the con-
ductor under test. The calibration process may result 1n
position coordinates, the reference currents I,.-, oz,
I.-~5 Tor each of the sensors 604, 606, and 608, respectively,
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and a calibration factor (e.g., V.7, Vesro, Veurs) that
indicates an amount of correction to be applied to a mea-
surement of an electrical parameter (e.g., current, voltage,
power). Similar to Equation (1) above, an unknown signal
voltage V , may be calculated as follows:

(2)

lox X fr

Vo =
Irerx X Jox

X Veer X Vearx

where V -, ;. 1s the calibration factor for a sensor X (1.e.,
X=1, 2, 3), 1,5 1s the signal current {from each sensor, {5 1s
the signal frequency (e.g., 50 Hz, 60 Hz) measured by each
of the three sensors, V..~ 1s the common mode reference
voltage generated 1nside the electrical parameter measure-
ment device, and 1, 1s the frequency of the reference voltage.

FIG. 7 1s a schematic diagram of a V-shaped front end 700
of an electrical parameter measurement device, showing two
conductive sensors 704 and 706 disposed on a guard 702 that
may be used to determine the position of a conductor 708
under test, wherein the positions of the two conductive
sensors allow for accurate position determination for the
conductor under test. In contrast, FIG. 8 1s a schematic
diagram of a V-shaped front end 800 of an electrical param-
cter measurement device, showing two conductive sensors
804 and 806 disposed on a guard 802 that may be used to
determine the position of a conductor 808 under test,
wherein the positions of the two conductive sensors may
cause ambiguous or inaccurate position determination for
the conductor under test.

Referring to FIG. 7, the sensor 704 1s positioned at a
bottom or base portion of the guard 702, and the sensor 706
1s positioned on a left side or portion (as shown) of the

guard. A first curved dashed line 710 represents a constant
reference current magmtude detected by the sensor 704, and
a second curved dashed line 712 represents a constant
reference current magnitude detected by the sensor 706. As
shown, the curves 710 and 712 intersect 1n only one location,
which 1s the location of the conductor 708 under test. That
1s, the other theoretical intersection of the curves 710 and
712 would be outside of the V-shaped guard 702 and can
therefore be 1gnored by the measurement device since that
location 1s not a possible location for the conductor 708
under test. Thus, since there 1s only one possible intersection
of the curves 710 and 712, the measurement device can
accurately determine the location of the conductor 708 under
test.

Referring now to FIG. 8, the sensor 804 1s positioned at
a left side or portion (as shown) of the guard 802, and the
sensor 806 1s positioned on a right side or portion (as shown)
of the guard opposite the lett side. A first curved dashed line
810 represents a constant reference current magnitude
detected by the sensor 804, and a second curved dashed line
812 represents a constant reference current magnitude
detected by the sensor 806. As shown, the curves 810 and
812 intersect at two locations, namely, the actual location of
the conductor 808 under test and a second location 809
toward the base of the guard. In this scenario, the measure-
ment device may have difhiculty determining in which
location the conductor 808 1s positioned since there are two
intersection points. This 1ssue can be remedied by carefully
selecting the locations of the two sensors, as 1n the example
of FI1G. 7, so that there 1s only one 1ntersection of the curves
inside the guard, or by using 3 sensors, as in the example of

FIG. 6 discussed above.
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FIG. 9 1s a schematic diagram of a front end 900 of an
clectrical parameter measurement device, showing two con-
ductive sensors 904 and 906 that are coplanar with each
other on a planar guard 902 and that may be used to
determine the position of a conductor 908 under test. Con-
stant reference current curves 910 and 912 are also shown
for the sensors 904 and 906, respectively. By placing the
sensors 904 and 906 coplanar with respect to each other, the
curves 910 and 912 intersect each other at only one permis-
sible location (1.e., above the guard 902), thereby avoiding
ambiguity that may be caused by two sensors arranged such
that the constant reference current curves intersect at two
permissible locations, as in the example shown in FIG. 8.

FIG. 10 1s a schematic diagram of a V-shaped front end
1000 of an electrical parameter measurement device that
includes three conductive sensors 1004, 4006 and 1008
disposed on a guard 1002, showing various possible posi-
tions 1012 for a conductor 1010 under test. The various
positions 1012 may be calibration positions or points that
may be used during a calibration process to obtain calibra-
tion data. For example, when a calibration conductor i1s
positioned at each of the calibration positions 1012, the
clectrical parameter measurement device may obtain the
X/Y position of the calibration conductor, the reference
currents 1.~ for each of the sensors 1004, 1006 and 1008,
and a calibration factor CALFAC that indicates a correction
to be applied to obtain an accurate parameter measurement.

FIG. 11 1s a table 1100 that shows position dependent
calibration factors for the three conductive sensors 1004
(Sensor 1), 1006 (Sensor 2), and 1008 (Sensor 3) of FIG. 10
at various X/Y positions. As shown, for each X/Y position,
a reference current IREFX and a calibration factor VCALX
are determined for each of the three sensors 1004 (Sensor 1),
1006 (Sensor 2), and 1008 (Sensor 3).

FIG. 12 1s a table 1200 that shows position dependent
calibration factors (CALF) and reference current signals
(rel_pk) for a single conductive sensor (e.g., one of the
sensors 1004, 1006, or 1008) when a conductor under test 1s
positioned at various distances (DIST) from the conductive
sensor. FI1G. 13 1s a graph 1300 that graphically shows the
reference current signal (ref_pk) and calibration factor
(CALF) as a function of distance in millimeters (mm). As
shown, the reference signal rapidly decreases with distance,
and the calibration factor increases with distance.

From the graph 1300, 1t 1s apparent that the reference
current (ref_pk) exhibits some form of 1/x behavior. It may
therefore be advantageeus to chart the reciprocal value of
the reference current, 1.e., 1/ref_pk, to derive a simplified
and suitably accurate representation. FIG. 14 1s a graph 1400
that shows a linear approximation of the inverse of the
reference current signal, 1.e., 1/ref_pk, and a quadratic
approximation of the calibration factor CALF as a function
of distance. As shown by the R” values of 0.9957 and 0.999
for the linear and quadratic approximations, respectively,
cach of the approximations accurately represent the respec-
tive inverse of the reference current signal and the calibra-
tion factor as a function of distance.

FIG. 15 1s a graph of the calibration factor (CALF) as a
function of the mverse of the reference current signal, 1.e.,
l/ref_pk. As shown, the points are approximated by a
closely fitting quadratic function that has an R* value of
1.000.

FIGS. 16 A and 16B show a portion of a front end 1600 of
an electrical parameter measurement device that includes a
V-shaped guard 1602 that supports two elongated conduc-
tive sensors 1604 and 1606, designated the left sensor and
right sensor, respectively, for explanatory purposes. In par-
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ticular, the guard 1602 includes a left portion 1602a (as
shown) that supports the left sensor 1604 and a right portion
16025 that supports the right sensor 1606. Fach of the
sensors 1604 and 1606 has a length dimension and a width
dimension, and the length dimension 1s larger than the width
dimension. As non-limiting example, the length to width
ratio may be 1.5:1, 2:1, 4:1, 8:1, 20:1, 100:1, etc. Since the
sensors 1604 and 1606 are elengated it may be assumed or
estimated that the only variation 1n detected signals origi-
nates from the normal distance between the conductor under
test and each of the sensors, such that influences caused by
lateral movement at a constant normal distance may be
1gnored.

Based on the mathematical simplification 1n representing
the distance dependence of the reference current ref_pk and
the calibration factor CALF, a measurement grid can be
generated that fits within the area of the v-shaped front end
1600. In one example, the sensor 1604 1s assumed to be a
straight line segment that extends from point A (X=-2;
Y=-35) to pomnt B (X==-35; Y=+43) 1n an X/Y coordinate
system, and the sensor 1606 1s assumed to be a straight line
segment that extends from point A' (X=+2; Y=-33) to point
B' (X=+33; Y=+45) in the X/Y coordinate system. For every
point, the normal distance to the left sensor 1604 and the
right sensor 1606 can be calculated, and the reference
current rel_pk and calibration factor CALF derived. A three
dimensional representation of the resulting calibration fac-
tors for the right sensor 1606 1s shown 1n the graph of FIG.
17.

FIG. 18 1s a graph 1800 that illustrates reference current
signals ref_pkl and ref_pk2 and calibration factors CALF]
and CALF2 for the sensors 1604 and 1606, respectively, as
a function of normal distance, for various X positions when
the Y position 1s fixed at Y=+40.

With a 2D sensor arrangement such as the one shown 1n
FIGS. 16A and 16B, any measurement will provide one
value per sensor for the reference current and the corre-
sponding signal measurement. Using such information, the
measurement device may determine a suitable calibration
factor to compensate for varying distance (e.g., normal
distance) to the sensors. Additionally, 1n at least some
implementations, the measurement device may utilize such
information to determine the particular X/Y position of a
conductor under test.

FIG. 19 shows an example of position determination for
a conductor under test using normal distances derived from
reference current signals. In FIG. 19, a sensor arrangement
1900 1s shown that includes a left sensor 1902 and a right
sensor 1904 arranged 1n a V-shape. A conductor 1910 under
test 1s shown at a position P between the sensors 1902 and
1904. As indicated in the graph 1800 of FIG. 18, the
reference current ref_pk can be calculated using the known
normal distance. Here, the goal 1s to derive normal distance
information from a measured reference current signal, which
requires an inverse function to what 1s shown 1n FIG. 18.
Since the original functions (ref_pkl and ref pk2) are
strictly monotonic, respective unique verse functions can
be determined. Then, the imnverse functions may be applied
to the measured reference currents to obtain normal distance
information. In the example shown, a dashed line 1906
indicates the normal distance determined from the sensor
1902, and the dashed line 1908 indicates the normal distance
determined from the sensor 1904. The intersection of the
lines 1906 and 1908 indicate the location P of the conductor
1910 under test. The location may be used for a variety of
purposes including, but not limited to, determining one or
more position dependent calibration factors to apply to a
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measurement of the electrical parameter measurement
device to improve 1ts accuracy.

For any given point within the V-shaped arrangement of
the sensors discussed herein, one reference current value can
be derived for a first sensor (reif_pkl) and one reference
current value can be derived for a second sensor (ref_pk?2).
Based on these values, separate calibration factors can be
determined, either through interpolation or by utilizing
previously approximated fit functions or other mathematical
formulas. Using the two (or more) calibration factors, two
(or more) results for the measurement value (e.g., voltage)
may be calculated.

In at least some 1implementations, the measurement device
may utilize a weighted combination of the results, or may
use only one result 11 one of the calibration factors 1s outside
a determined range. The weighted combination may be a
linear weighted combination, exponential weighted combi-
nation, etc.

As a non-limiting example, the device may be configured
to 1gnore calibration factors that are greater than 1.5 since
larger calibration factors indicate larger distances and more
inaccurate measurements. In such example, usetul calibra-
tion factors may be determined to range between 1.0 and 1.5,
with calibration factors closer to 1.0 deemed to be better
than calibration factors closer to 1.5. Thus, a linear or other
welghting may be applied such that a weight of 1.0 1s applied
to a calibration factor of 1.0 and a weight of 0.0 1s applied
to a calibration factor of 1.5. For example, the weighted
measurement result may be found using the following
equation:

weighted result [V] =

Wicalf1)-Snsl_result]V | + W(calf2)-Sns2_resulf| V]
Wicalfl)+ W(calf?2)

where the weight for each calibration factor 1s linearly
weighted using the formula W(caliX)=2x(1.5-caliX), and
the measurement results for the two sensors are Sns1 result
and Sns2_result. In practice, appropriate limits for the
calibration factors may be determined using the actual
calibration data obtained for a specific mstrument or type of
instrument.

FIG. 20 1s a pictorial diagram of a front end 2000 of a
clamp meter that includes a first clamp portion 2002 and a
second clamp portion 2004 that selectively close to form an
opening therebetween that 1s sized and dimensioned to
receive a conductor under test, such as the example con-
ductors 20084, 20085, and 2008¢ shown 1n FIG. 20. In this
example, the front end 2000 includes three “point” sensors
2006a, 20065, and 2006¢ that may be used to determine the
precise location of the conductors 2008 under test, and/or to
determine one or more calibration factors to apply to
improve measurements of the clamp meter. In the 1llustrated
implementation, the sensors 2006 may be relatively small
(e.g., 3x3 mm), which provides an substantially radial
variation ol detected signals rather than the linear variation
provided by the linear sensors 1604 and 1606 shown in
FIGS. 16A and 16B. The sensors 2006 may be strategically
positioned at locations where the position of a conductor
under test may be most accurately determined.

Using the techniques described above, reference current
signals may be obtaimned for each of the sensors 20064,
200656, and 2006c¢, and signals may be processed as dis-
cussed above to determine the X/Y location of a conductor
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under test, which mnformation may be used for calibration or
other purposes. For example, an interpolation process may
used to determine the X/Y location and/or calibration factors
using obtained reference current signals and previously
determined calibration points, as discussed above.

The foregoing detailed description has set forth various
implementations of the devices and/or processes via the use
of block diagrams, schematics, and examples. Insofar as
such block diagrams, schematics, and examples contain one
or more Tunctions and/or operations, 1t will be understood by
those skilled 1n the art that each function and/or operation
within such block diagrams, flowcharts, or examples can be
implemented, individually and/or collectively, by a wide
range ol hardware, software, firmware, or virtually any
combination thereof. In one implementation, the present
subject matter may be implemented via Application Specific
Integrated Circuits (ASICs). However, those skilled in the
art will recognize that the implementations disclosed herein,
in whole or 1n part, can be equivalently implemented 1n
standard integrated circuits, as one or more computer pro-
grams running on one or more computers (€.g., as one or
more programs running on one or more computer systems),
as one or more programs running on one or more controllers
(e.g., microcontrollers) as one or more programs running on
OnNe Or More processors (e.g., microprocessors), as firmware,
or as virtually any combination thereof, and that designing
the circuitry and/or writing the code for the software and or
firmware would be well within the skill of one of ordinary
skill 1n the art 1n light of this disclosure.

Those of skill 1n the art will recognize that many of the
methods or algorithms set out herein may employ additional
acts, may omit some acts, and/or may execute acts 1n a
different order than specified.

In addition, those skilled 1n the art will appreciate that the
mechanisms taught herein are capable of being distributed as
a program product i a variety ol forms, and that an
illustrative implementation applies equally regardless of the
particular type of signal bearing media used to actually carry
out the distribution. Examples of signal bearing media
include, but are not limited to, the following: recordable type
media such as floppy disks, hard disk drives, CD ROMs,
digital tape, and computer memory.

The various implementations described above can be
combined to provide further implementations. These and
other changes can be made to the implementations 1n light
of the above-detailed description. In general, 1n the follow-
ing claims, the terms used should not be construed to limait
the claims to the specific implementations disclosed 1n the
specification and the claims, but should be construed to
include all possible implementations along with the full
scope of equivalents to which such claims are entitled.
Accordingly, the claims are not limited by the disclosure.

The mmvention claimed 1s:

1. An electrical parameter measurement device, compris-
ng:

a front end that includes an opening that 1s sized and

dimensioned to receive a conductor under test:;

a plurality of conductive sensors positioned proximate the

front end;

one or more reference voltage sources coupled to the

plurality of conductive sensors, the one or more refer-
ence voltage sources operative to output a relerence
voltage 1n each of the conductive sensors;

control circuitry communicatively coupled to the one or

more relference voltage sources and the plurality of
conductive sensors, wherein the control circuitry, 1n
operation:
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controls the one or more reference voltage sources to
output a reference voltage 1in each of the conductive
SENSOrs;
for each of the conductive sensors, obtains a reference
current signal data point indicative of a reference
signal that 1s measured by the conductive sensor
when the respective reference voltage source outputs
the reference voltage 1n the conductive sensor and
the conductor under test 1s positioned in the opening
of the front end of the electrical parameter measure-
ment device;
determines a calibration factor to be applied to an
clectrical parameter measurement of the conductor
under test based at least in part on the reference
current signal data points obtained for each of the
plurality of conductive sensors,
determines a calibration factor for each of the reference
current signal data points; and
determines a weighted combination of the calibration
factors for each of reference current signal data
points to use as the calibration factor to be applied to
the electrical parameter measurement of the conduc-
tor under test.
2. The electrical parameter measurement device of claim
1, wherein the control circuitry, in operation, applies the
determined calibration factor to the electrical parameter
measurement to generate a calibrated electrical parameter
measurement.
3. The electrical parameter measurement device of claim
1, wherein the electrical parameter measurement comprises
one or more of voltage, current, or power.
4. The electrical parameter measurement device of claim
1, wherein the plurality of conductive sensors comprises two
or three conductive sensors.
5. The electrical parameter measurement device of claim
1, wheremn the electrical parameter measurement device
comprises a non-contact voltage measurement device, a
current clamp or a split-core transformer.
6. The electrical parameter measurement device of claim
1, wherein the control circuitry, in operation, interpolates
between a plurality of previously determined calibration
points using the reference current signal data points to
determine the calibration factor to be applied to the electrical
parameter measurement.
7. The electrical parameter measurement device of claim
1, wherein the control circuitry, in operation, iputs the
reference current signal data points into a previously deter-
mined calibration formula to determine the calibration factor
to be applied to the electrical parameter measurement.
8. The electrical parameter measurement device of claim
1, wherein the plurality of conductive sensors are positioned
proximate the front end of the electrical parameter measure-
ment device such that, for each set of reference current
signal data points obtained for the plurality of conductive
sensors, the control circuitry determines a single position of
the conductor under test.
9. The electrical parameter measurement device of claim
8, wherein the control circuitry determines the calibration
factor based at least 1n part on the determined single position
of the conductor under test.
10. The electrical parameter measurement device of claim
1, wherein at least two of the plurality of conductive sensors
are coplanar with each other.
11. The electrical parameter measurement device of claim
1, wherein each of the plurality of conductive sensors has a
length dimension and a width dimension, and the length
dimension 1s larger than the width dimension.
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12. The electrical parameter measurement device of claim
1, wherein the weighted combination comprises at least one
of a linear weighted combination or an exponential weighted
combination.

13. A calibration system operative to calibrate an electri-
cal parameter measurement device, whereimn the electrical
parameter measurement device, 1n operation, generates ref-
erence current signals 1n a plurality of conductive sensors
and senses the reference current signals 1n a conductor under
test via the plurality of conductive sensors, the calibration
system comprising:

a controllable calibration voltage source operative to

selectively output a voltage 1n a calibration conductor;

a conductor position control system operative to selec-

tively control a position of the calibration conductor
relative to the plurality of conductive sensors of an
clectrical parameter measurement device under calibra-
tion; and

control circuitry communicatively coupleable to the con-

trollable calibration voltage source, the conductor posi-
tion control system, and the electrical parameter mea-
surement device, wherein the control circuitry, 1n
operation:
obtains a plurality of calibration points, wherein to
obtain each of the calibration points, the control
circuitry:
controls the conductor position control system to
move the calibration conductor to a new physical
position proximate the plurality of conductive
sensors ol the electrical parameter measurement
device;
controls the electrical parameter measurement
device to output a reference voltage 1n each of the
conductive sensors;
for each of the conductive sensors, obtains a refer-
ence current signal data point indicative of a
reference signal that 1s measured by the conduc-
tive sensor:
for each of the conductive sensors, determines a
calibration factor based at least in part on the
reference current signal data point obtained for the
conductive sensor, a known voltage of the cali-
bration conductor, and a measured voltage of the
calibration conductor received from the electrical
parameter measurement device;
logically associates the plurality of calibration fac-
tors with the current position of the calibration
conductor; and
determines calibration data based on the obtained plu-
rality of calibration points; and
stores the calibration data on at least one nontransitory
processor-readable storage medium for subsequent
use by one or more electrical parameter measure-
ment devices.

14. The calibration system of claim 13 wherein the
calibration data comprises a lookup table that, 1n operation,
allows an electrical parameter measurement device to deter-
mine a calibration factor for particular reference current
signal measurements.

15. The calibration system of claam 13 wherein the
calibration data comprises coellicients for one or more
mathematical formulas.

16. A method of operating a calibration system to calibrate
an electrical parameter measurement device, wherein the
clectrical parameter measurement device, 1n operation, gen-
erates reference current signals in a plurality of conductive
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sensors and senses the reference current signals 1 a con-
ductor under test via the plurality of conductive sensors, the
method comprising:
obtaining a plurality of calibration points by, for each
calibration point:
moving a calibration conductor to a new physical
position proximate the plurality of conductive sen-
sors of the electrical parameter measurement device
while the electrical parameter measurement device
outputs a reference voltage 1n each of the conductive
SENSOrs;
for each of the conductive sensors of the electrical
parameter measurement device, obtaining a refer-
ence current signal data point indicative of a refer-
ence signal that 1s measured by the conductive
SENsor;
for each of the conductive sensors, determining a
calibration factor based at least in part on the refer-

ence current signal data point obtained for the con-
ductive sensor, a known voltage of the calibration
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conductor, and a measured voltage of the calibration
conductor received from the electrical parameter
measurement device;

logically associating the plurality of calibration factors
with the current position of the calibration conduc-
tor; and

determining calibration data based on the obtained
plurality of calibration points; and

storing the calibration data on at least one nontransitory

processor-readable storage medium for subsequent use
by one or more electrical parameter measurement
devices.

17. The method of claim 16 wherein determining calibra-
tion data comprises generating a lookup table that, in opera-
tion, allows the electrical parameter measurement device to
determine a calibration factor for particular reference current
signal measurements.

18. The method of claim 16 wherein determining calibra-
tion data comprises determining coeflicients for one or more

mathematical formulas.
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